Understanding the causal mechanisms promoting group formation in carnivores has been widely investigated, particularly how fitness components affect group formation. Population density may affect the relative benefits of natal philopatry versus dispersal. Density effects on individual behavioral strategies have previously been studied through comparisons of different populations, where differences could be confounded by between-site effects. We used a single population of red foxes (Vulpes vulpes) in the city of Bristol, UK, that underwent a natural perturbation in density to compare key changes in 1) group structure, 2) within-group relatedness, 3) mating system, 4) dispersal, and 5) dominance attainment. At high densities (19.6-27.6 adults km
T he proximate and ultimate mechanisms promoting the evolution of sociality have been widely studied in terrestrial mammalian carnivores (e.g., Bekoff et al. 1981; Macdonald and Moehlman 1982; Gittleman 1989; Creel and Macdonald 1995; Moehlman and Hofer 1997) . In obligate social carnivores, additional group members appear critical for successful reproduction due to the costs associated with the nurturing and defense of young (Clutton-Brock et al. 1998; Courchamp et al. 2000; Courchamp and Macdonald 2001) . These increased costs may, however, be the result of an evolutionary trend toward, for example, increasing litter size once group living has evolved. Consequently, it is unclear to what degree studies of obligate social carnivores can help in identifying the initial determinants of group living in this taxon.
Conversely, facultatively social species form groups only under some circumstances. Subordinates are, therefore, not essential for the successful reproduction of dominant animals. Instead, the formation and dissolution of social groups in facultatively social species has been attributed to both spatiotemporal variation in resource availability (Johnson et al. 2000 (Johnson et al. , 2002 and the trade-off between the costs and benefits associated with dispersal and natal philopatry accruing to both dominant and subordinate group members (Emlen 1982 (Emlen , 1984 .
Quantifying the relative importance of different fitness components in affecting group formation and their interaction with spatial and temporal variation in resource availability will require both comparative studies of species under a range of environmental conditions and long-term studies of individual populations experiencing changes in resource distribution, animal density, and/or demographics (Ross 2001) . Despite the necessity of examining fitness components and incorporating demographic changes into examinations of fitness (Randall et al. 2007) , intraspecific studies on changes in mating systems and group structure have so far been limited to betweenpopulation comparisons (e.g., Say et al. 1999; Kamler et al. 2004) .
The red fox Vulpes vulpes is the most widely distributed extant wild canid: it occupies a diversity of habitats and exhibits marked variation in territory size and group size (Cavallini 1996) . Thus, it is a useful model to examine the role of ecological and demographic factors in influencing individual behavioral strategies and hence differences in patterns of social organization. Early models of fox social organization (Macdonald 1979 (Macdonald , 1980 von Schantz 1981 von Schantz , 1984a von Schantz , 1984b Lindströ m 1988 Lindströ m , 1989 proposed that groups consisted of a dominant breeding pair and one or more subordinate animals, typically nondispersing female offspring from previous years: such philopatric individuals would benefit by not having to disperse, which is assumed to increase their mortality risk (but see , and by standing to inherit the territory on the death of their mother (Lindström 1986) .
Generally, subordinates were not thought to reproduce (Hartley et al. 1994 ) but would help to raise the cubs of the dominant female by provisioning with food and babysitting. In those instances where subordinate females did become pregnant, the cubs would be typically abandoned at birth or killed by the dominant female; subordinate females would then be also physiologically capable of suckling the dominant female's cubs. Alternatively, in years of high resource availability, subordinates may rear their own cubs successfully, indicating a switch from monogyny to polygyny in terms of group reproductive output (von Schantz 1984a; Zabel and Taggart 1989) , although these terms do not necessarily reflect underlying patterns of mating. For example, a single litter (monogynous group reproductive output) may be produced after mating with a single or multiple males; furthermore, even where a female mates with just one male, this individual may be from outside her social group. Changes in patterns of mating and/or group reproductive output may, therefore, significantly affect genetic relatedness between group members and between group members and cubs and hence any associated benefits of alloparental care. Thus, the principal benefits obtained by subordinate foxes were believed to be indirect fitness gains from helping to provision and guard the dominants' cubs (Zabel and Taggart 1989) , inheritance of the natal territory, a limited opportunity for direct breeding, and increased survival on the natal range relative to dispersing to a new territory.
The red fox population in the city of Bristol, UK, has been studied continuously for .30 years (Baker, Newman, and Harris 2001) . During 1990 During -1994 , spring fox density in one suburb increased from 7.8 to 37.0 adults km 22 , hereafter the ''highdensity'' period (Baker et al. 2000; . At this time, foxes formed social groups consisting of a dominant male and female and subordinates of both sexes (Baker et al. 1998 (Baker et al. , 2000 ; the principal benefit accrued by subordinate males and females was the opportunity for direct reproduction, and genetic analyses indicated a polygynandrous system of mating .
A natural perturbation in population density occurred in 1994, when the population was hit by an outbreak of sarcoptic mange Sarcoptes scabiei. This caused the population to decline by .95% in just 2 years, as a consequence of both a reduction in group size and an increase in territory size (Baker et al. 2000) . The study area is adjacent to rural habitats along the western edge and is contiguous with urban areas to the north, south, and east. Although some foxes were known to have survived the mange epizootic, immigration into the study site undoubtedly occurred from the surrounding urban areas. Furthermore, foxes disperse regularly into and out of the city (Harris and Trewhella 1988) , and so there may have been immigration from the surrounding rural area, although this had also undergone a decline in fox density as a result of the mange epizootic. Consequently, the terms ''urban'' and ''rural'' are purely descriptive and do not indicate that foxes in the 2 habitats are different populations and/or behaviorally distinct. By spring 2004, fox density recovered to approximately 15% of premange levels (5.5 adults km 22 : hereafter the ''lowdensity'' period; ). This disease-induced population decline provided a rare opportunity to examine how changes in density affect behavioral strategies within a single population of a facultatively social species. For example, changes in the degree of habitat saturation (e.g., Lucia et al. 2008 ) and/or status-dependent mortality rates may affect the relative benefit of dispersing versus remaining on the natal territory as routes to the attainment of dominant status (Lloyd 1980; Komdeur 1992) .
One consequence of the decline in fox density was that females were more widely dispersed and that an individual dominant male within a social group would potentially be better able to monopolize access to the dominant female in that group. Furthermore, given the decline in the number of females in the population per se, the potential for extrapair copulations would also be reduced. Consequently, a decline in population density is predicted to lead to a reduction in the frequency of polygynandrous mating, a concomitant increase in monogynous mating between mated pairs and a decline in the number of multiple paternity litters. An increase in monogynous mating and group reproductive output, in conjunction with natal philopatry, would lead to an increase in mean relatedness between adults in the same social group but also an increase in the reproductive skew of both males and females.
Population density is also predicted to affect the proportion and sex of juvenile foxes that disperse from their natal territory, with fewer males and females dispersing at higher densities (Harris and Trewhella 1988) . At high densities, the sex ratio of subordinate animals in social groups was equal (Baker et al. 1998 (Baker et al. , 2000 , suggesting a reduced sex bias in the tendency to disperse. Conversely, at low densities, dispersal rates tend to be higher, particularly for males (Harris and Trewhella 1988) . Consequently, the mange-induced decline in density in the study population would be predicted to lead to a male bias in the proportion of young that disperse, in turn leading to differences in the rate at which males and females attain dominant status by dispersing versus remaining on their natal territory. Ultimately, this would also be expected to lead to a female bias in social group composition.
In this paper, we compare and contrast the patterns of social and spatial organization of Bristol's fox population between the high-and low density periods, particularly in the context of the above predictions. Specifically, we examine group structure and relatedness; patterns of mating and parentage; and routes to the attainment of dominant status within social groups. We use the term monogamy to indicate a social group formed by one male and one female, irrespective of whether the female reproduced or not; we use monogyny to indicate a group where a single litter of cubs was produced. In the following sections, we outline the methods and results specifically in relation to the low-density period; details for the highdensity period are given in Baker et al. (1998 Baker et al. ( , 2000 . The methodologies used in both periods are directly comparable. We conclude by proposing a possible pathway to the evolution of carnivore sociality.
MATERIALS AND METHODS
Foxes were captured in an area of approximately 9 km 2 in northwest Bristol, UK, using box traps placed in private residential gardens . Six, 11, and 12 social groups were studied in 2002, 2003, and 2004 (hereafter the low-density period), respectively; 5 groups were studied in all 3 years. Trapped foxes were sexed, weighed, aged by incisor wear (Harris 1978) , individually marked with a combination of colored ear tags (Rototags, Dalton Supplies, Henley-onThames, UK), and checked for severity and extent of sarcoptic mange infection; tissue extruded from the ear during tagging was collected and stored in 100% ethanol at 220°C for genetic analysis. Animals were handled by physical restraint. For analyses, all foxes were assumed to have been born on 1 April (Harris and Trewhella 1988) ; the terms cub, subadult, and adult refer to animals aged ,6, 6-12, and .12 months, respectively. Adults and full-grown subadults were fitted with radio collars (Biotrack, Dorset, UK; 120-150 g).
All tissue samples were genotyped using 10 canine microsatellites (c2001, c2010, c2006, c2017, c2054, c2079, c2088, ucb466, ucb646, and aht130; Soulsbury, Iossa, Edwards, et al. 2007) . Genotyping was carried out on a MegaBACE 1000 Capillary Sequencer (Amersham Pharmacia Bioteck, Amersham, UK), with fragment sizing and allele calling completed with the associated software GENETIC PROFILER v. 1.5. To minimize genotyping errors, allele scoring was undertaken independently by 2 people following the guidelines of Hoffman and Amos (2005) ; any differences were then discussed and alleles were eliminated from subsequent analyses if no consensus opinion was reached. Samples were rerun where cubs and putative parents had apparent allele mismatches and where samples had low allele peaks. Assumptions of Hardy-Weinberg equilibrium and linkage disequilibrium were examined by comparing allele frequencies with expected proportions as predicted from Markov Chain iterations in GEN-EPOP v. 3.4 (Guo and Thompson 1992; Raymond and Rousset
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Behavioral Ecology 1995); significance values were corrected using the sequential Bonferroni method (Rice 1989) . Mean polymorphic information content was 0.687; the total exclusionary power of the first parent was 0.989 and that of the second parent was 0.999. However, it must be noted that the exclusionary power, that is, the probability of excluding all but one parent in a population (Chakraborty et al. 1988) , assumes that parents are not related. If this assumption is not met, as in the current study, the resolving power is greatly overestimated (Olsen et al. 2001) .
Group structure and relatedness
Residency within social groups was assigned on the basis of trapping data, nocturnal radio tracking, and the recovery location of dead individuals (Baker et al. 1998 (Baker et al. , 2000 . Untagged animals recovered dead as cubs were considered resident on the territory on which they were located; territory configurations (100% minimum convex polygons; Harris et al. 1990) were determined by radio tracking (see Baker et al. 1998) . Untagged animals recovered dead as subadults were considered resident on the territory where they were recovered only where genetic analyses showed that they were related to the dominant male and/or female in that group . Dominant animals were those that elicited submissive behaviors from all other same-sex group members; dyadic interactions were recorded during radio tracking sessions and from observations at feeding sites . Where only one adult of a given sex was present on a territory, it was assumed to be dominant (Baker et al. 1998 (Baker et al. , 2000 .
Due to the identification of 2 problematic loci (c2006 and c2088) with high nonrandom patterns of allelic dropout (Soulsbury, Iossa, Edwards, et al. 2007 ), we excluded these loci from all subsequent analyses of relatedness. Following parentage assignments (see section below), we constructed pedigrees (Van Horn et al. 2008) to allow the determination of familial relationships. Relatedness values (Queller and Goodnight 1989) based on the remaining 8 loci were calculated for mother/offspring, father/offspring, full siblings, half siblings, and aunt/uncle dyads using SPAGeDi (Hardy and Vekemans 2002) . We also calculated within-group relatedness in relation to sex and social status, specifically dominant male/dominant female, dominant male/subordinate females, and dominant female/subordinate females. Only adult individuals known to be resident in the study groups were included in these analyses.
Parentage analyses and mating patterns
Parentage assignments of offspring genotypes were analyzed initially with the likelihood-based method for paternity inference within the program CERVUS v. 2.0 (Marshall et al. 1998) ; criteria used for assignments followed . However, screening 3 mother-father-cubs triads, we identified high levels of allelic dropout at 2 loci (Soulsbury, Iossa, Edwards, et al. 2007 ). In the presence of allelic dropout, when loci deviate from the assumption of panmixia, CERVUS can still be used but likelihood statistics provided cannot be considered reliable for assigning parentage (Marshall et al. 1998) . To circumvent these problems, candidate parents were screened using CERVUS to remove all individuals without positive log-likelihood ratio scores with the offspring. The remaining candidate parents were then assigned parentage using a decision matrix ; no cubs were assigned parentage where heterozygote mismatches occurred. CERVUS assigns parentage only amongst the sampled individuals. To infer extrapair paternity where no maternity or paternity could be assigned, cubs were assigned to a litter using sibship (i.e., full-sibling or half-sibling family) reconstruction with COLONY v. 1.2 (Wang 2004) . Using a maximum likelihood approach, COLONY takes into account genotyping errors and allelic dropout to reconstruct sibships and to infer mating system (monogamous/polygamous; Wang 2004). COLONY partitions individuals into full-and half-sibling families and, at the same time, can reconstruct parental genotypes. All cubs found on a territory were included in a fulland half-sibling inference (Dugdale et al. 2007 ). Allele frequencies were estimated from all genotyped foxes, and the mean genotyping error rate was set to 0.2 (Soulsbury, Iossa, Edwards, et al. 2007 ).
On the basis of genetic analyses, group reproductive output was classified as monogynous where only a single female bred and polygynous where .1 female produced cubs. Monogyny was assigned only where maternity was resolved for 2 juveniles within the group; where maternity was resolved for ,2 juveniles, group reproductive output was not classified. Polygyny could, however, be assigned using single-cub litters, for example, if 3 cubs were assigned to 2 different mothers. Cubs identified as belonging to a single litter on the basis of sibship reconstruction but whose maternity was not resolved unequivocally were assigned to 1) untagged females of assumed dominant status where only a single female was observed in that group or 2) untagged females of assumed subordinate status where the dominant female had been excluded as the mother on Figure 1 Mean (6standard error) relatedness (r) of different pairwise combinations of individual foxes within social groups. Abbreviations: $-cub, mother and offspring; #-cub, father and offspring; full-sibs, full siblings; half-sibs, half siblings; auntuncle, aunts and uncles; Dom #-Dom $, dominant male and dominant female; Dom $-Subs, dominant female and subordinates; and Dom #-Subs, dominant male and subordinates.
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• Fox behavior in relation to density 387 the basis of parentage analysis. We further discriminated between instances where only one female was resident in the group versus 2 females were present and instances where litters were sired by within-group males versus extragroup males.
Dispersal, attainment of dominant status, and population structuring
The proportions of male and female juveniles that dispersed versus the proportions that remained on their natal territory were compared using Fisher's Exact test within 2 time periods: 1990-1994 and 2002-2004 . Only animals captured as cubs and whose natal territory was known were included in the analyses. An individual was classified as having dispersed if it was recorded .1 territory diameter from its original point of capture (Harris and Trewhella 1988) ; only individuals recovered dead during dispersal (October to March of their first year) or alive postdispersal (April onward) were included. The relative success of dispersal versus natal philopatry as routes to the attainment of dominant status was estimated for those animals resident in the study groups as adults and whose natal group was known, that is, the animal had been tagged as a cub or, on the basis of genetic analyses, had been assigned to the litter of a resident female from a known social group. The proportions of individuals that attained dominant status by 1) dispersing or 2) not dispersing within the high-density versus the low-density periods were compared for males and females separately using Fisher's Exact test. Criteria for assigning residency and social status within groups are detailed above.
To compare spatial structure across the population, pairwise relatedness (r) values were calculated for adult male-female and female-female dyads relative to distance (number of territories) from the natal territory. Spatial structuring in the population was tested using Mantel's test (Mantel 1967) carried out in PopTools v. 2.7.5 for Windows (http://www.cse. csiro.au/poptools). Distance was expressed as the number of territories apart; zero represents individuals from the same territory.
Comparison of high-and low-density periods
We compared demographic, genetic, and behavioral parameters between the high-(1990-1994) and low-density periods (2002) (2003) (2004) . Mean group size was compared using a MannWhitney U test. The percentage of monogamy, monogyny, multiple paternity, extrapair paternity, and subordinate reproduction were compared using Fisher's Exact test. Finally, mean intragroup adult relatedness was compared using an independent t-test.
RESULTS

Group structure and relatedness during the low-density period
We genotyped 286 foxes: 154 were first captured during 2002-2004; 132 were first caught prior to 2002 but were alive or potentially alive during the study period. The population was structured into groups consisting of a dominant male, a dominant female, and typically 1 subordinate females (mean ¼ 1.4 subordinates, range 1-4). There was a significant difference between mean intragroup relatedness values of individuals of different sex and social status (1-way analysis of variance: F 2,19 ¼ 8.56, P ¼ 0.002); dominant males and females within the same social group were unrelated (mean r 6 standard error ¼ 20.14 6 0.09, N ¼ 6), whereas the dominant female (r ¼ 0.37 6 0.08, N ¼ 9) but not the dominant male (r ¼ 0.01 6 0.08, N ¼ 7) were related to the subordinate animals in their group (Figure 1 ). Subordinates were predominantly daughters (N ¼ 7) or granddaughters (N ¼ 1) of the dominant female; in only one group was the dominant female unrelated (r ¼ 20.02) to the subordinate female. Patterns of relatedness between dominant males and subordinate females were more mixed: in 5 instances, subordinates were not related to the dominant male; in 2 cases, animals were father and daughter.
These data indicate that social groups were predominantly matrilineal (Figure 2A) , with female offspring remaining on their mother's territory or dispersing to neighboring territories ( Figure 2B ). These groups appeared to remain spatially stable across years, even with higher dominant male turnover ( Figure 2B ): annual rates of retention of dominant status for males and females were 58% and 82%, respectively.
Parentage and mating patterns
In total, 117 putative offspring were sampled across 25 group years; 72 (61%) were caught as cubs, 29 (25%) as subadults, and 16 (14%) as adults. Parentage was assigned for 69
Figure 2
The pattern of retention of philopatric offspring and short-range dispersal in a single matriline (A) and the resultant spatial structuring of social groups (B) over the course of 4 years in the period of low fox density. Letters represent individual foxes: upper and lower case letters indicate dominant and subordinate foxes, respectively. Territories in black are delineated by 100% minimum convex polygons; the territory in light gray was inferred from sightings of female E by the general public and by a limited amount of radio tracking data imposed by the failure of her radio collar.
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Behavioral Ecology (59%) offspring: both paternity and maternity, maternity only, and paternity only were assigned for 34 (49%), 31 (45%), and 4 (6%) offspring, respectively (Table 1) . Patterns of group reproductive output were assessed for 20 group years. The remaining 5 group years were excluded because 1) groups failed to produce any cubs (N ¼ 2), 2) the maternity of only a single cub was resolved within the group (N ¼ 2), and 3) the DNA could not be extracted successfully from the tissue collected (N ¼ 1). Monogynous group reproductive output was observed in 14 (70%) of the 20 group years. On 12 occasions, only one female was known to be present. On 2 occasions, more than one female was present: in one instance, only the dominant female reproduced and in the other the dominant female and one subordinate female failed to breed, possibly because they were infected with sarcoptic mange ), but a second subordinate female produced cubs. Across the 14 group years, the 14 litters were sired by males within the group, outside the group, and of unknown origin on 4, 5, and 5 occasions, respectively. Polygynous group reproductive output was observed in 6 (30%) group years. In 4 instances, the dominant female and a subordinate female in the group reproduced; on 2 occasions, the dominant female and 2 subordinate females reproduced. The 6 litters produced by dominant females were sired by males within the group, outside the group, and of unknown origin on 2, 1, and 3 occasions, respectively. The 8 litters produced by subordinate females were sired by males within the group and of unknown origin on 3 and 5 occasions, respectively (there were no instances of multiple paternity, see below).
Overall, 28 litters containing .1 cub were assigned maternity or were assumed to have originated from the dominant female where she was the only female present in the social group (Table 1) ; 19 (68%) were assigned to dominant females and 9 (32%) were assigned to subordinate females. There was no significant difference in the mean litter size of dominant (mean 6 standard deviation ¼ 2.9 6 0.8) and subordinate (2.4 6 0.7) females (independent sample t-test: t 25 ¼ 0.645, P ¼ 0.524). Across the 20 group years for which group 
a Monogyny A, one litter of cubs produced by social group and only one female present in the group; Monogyny B, one litter of cubs produced by social group and more than one female present in the group; Polygyny, more than one litter of cubs produced by the group; -, group reproductive status not assigned as only one cub was sampled. b U, unknown individual; D, dominant; S, subordinate; -, unknown status. c Neither maternity nor paternity could be assigned to specific adult foxes. However, cubs were assigned to full-sibling families using COLONY and have, therefore, been treated as a single litter. Therefore, this unsampled subordinate individual was a female. d The DNA of the dominant female in this group failed. However, using COLONY, cubs were treated as a single litter. As she was the only one in this group and the sampled dominant male was not identified as the father, these results are assumed to represent instances of monogamy. e Neither maternity nor paternity could be assigned to specific adult foxes. However, using COLONY, cubs were treated as a single litter. As only a single (unsampled) female was observed in this group, these results are assumed to represent instances of monogyny.
reproductive output was determined (Table 1) , dominant females were known or assumed to have reproduced on 19 occasions (95% of breeding opportunities); subordinate females reproduced in 9 of 12 potential breeding opportunities (75%). Of the 28 litters containing .1 cub with assigned or assumed maternity, 9 (32%) were sired by within-group males, 6 (21%) were sired by males from outside the female's social group, and 13 (46%) were not assigned paternity. No litters were sired by known subordinate males, and of 10 litters containing 3 cubs with identified paternity, no instances of multiple paternity were identified.
Five, 3, and 1 males were identified as siring cubs in 1, 2, and 3 litters in a given year, respectively (Table 1) . Including the 2 group years where the dominant male on the territory was excluded as the father of the cubs, 6/16 litters (38%) would have been sired by extragroup males. Typically, extrapair sires were dominant males from adjoining territories (Figure 3) .
Dominance attainment and patterns of dispersal
A greater proportion of males than females dispersed at both high (15/30 males vs. 5/24 females: Fisher's Exact test, P ¼ 0.046) and low (7/13 males vs. 2/18 females; P ¼ 0.046) densities. There was no significant difference between the 2 periods in the proportion of females that attained dominant status after having dispersed (2 out of 2 individuals in the high-density period vs. 5 out of 6 individuals in the low-density period: Fisher's Exact test, P ¼ 1.000) or not having dispersed (6/20 vs. 3/11: Fisher's Exact test, P ¼ 0.605; Table 2), nor for males that had dispersed (2/2 vs. 4/4: Fisher's Exact test, P ¼ 1.000). Conversely, a greater proportion of nondispersing resident adult males attained dominant status in the low-density period (4/5) compared with the high-density period (0/16: Fisher's Exact test, P , 0.001).
There was a significant decline in pairwise relatedness within adult female dyads with increasing distance between territories (Mantel's test: r ¼ 20.159, P ¼ 0.01, N ¼ 26 female, 325 dyads) but not male-female dyads (r ¼ 0.029, P ¼ 0.319, N ¼ 13 males, 338 dyads; Figure 4 ). For females, these results indicate that, in accordance with the capture-mark-recapture program, philopatry was common but that when dispersal occurred it was typically over a short distance. Conversely, male relatedness showed no significant spatial structuring at the distances examined (0-5 territories), indicating significantly greater mixture consistent with higher dispersal rates and longer dispersal distances. 
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Comparison of high-and low-density periods
Mean group size in the high-density period (4.6; N ¼ 13 group years) was significantly greater than that in the low-density period (2.7; N ¼ 20 group years: Table 3 ; Mann-Whitney U test: W ¼ 318.5, P ¼ 0.005). There was a significant increase in monogamous groups in the low-density period (60%) compared with the high-density period (23%: Fisher's Exact test, P ¼ 0.041) but no significant increase in the number of groups producing just a single litter (monogynous groups: Fisher's Exact test, P ¼ 0.282). Both multiple paternity (38-69% vs. 0%: Fisher's Exact test, P ¼ 0.035) and extrapair paternity (77% vs. 38%: Fisher's Exact test, P ¼ 0.039) declined significantly from the high-to low-density period. We could not compare subordinate male reproduction as no subordinate males were recorded in the low-density period. There was no difference in the proportion of subordinate females breeding between the 2 periods (Fisher's Exact test, P ¼ 0.268). Similarly, mean intragroup adult relatedness did not differ between periods (independent t-test: t 11 ¼ 21.01, P ¼ 0.333).
DISCUSSION
As predicted, there were significant changes in group structure between the periods of high and low population density. In particular, unrelated subordinates of both sexes were common at high density (Baker et al. 1998 ), but at low density, only one unrelated subordinate female was recorded within a group and no unrelated subordinate males (Table 3) . Contrary to our prediction, however, within-group relatedness did not change significantly because the major social group unit at both high and low densities was related philopatric females, typically mothers and daughters. Dominant males were unrelated to the rest of the adults in the group. This is perhaps surprising, given that foxes are assumed to be monogamous (Kleiman 1977) and that subordinate females are believed to be philopatric individuals from previous years: within such a system, subordinates would be expected to be the offspring of the dominant male. In this population, at both high and low densities, however, expected relatedness patterns between dominant males and subordinate females were disrupted by extrapair patterns of mating and polygynous group reproductive output, that is, the production of .1 litter of cubs by a group; both these processes resulted in the production of cubs unrelated to the dominant male, although there were marked differences between the 2 periods in the specific mechanisms underlying these processes (see below). Furthermore, in the low-density period, higher interannual turnover of dominant males (annual rate of retention of dominance was 58%) meant that even if a male bred successfully in a given year, he often perished or lost status before his offspring matured and joined the natal group. Dominant male turnover and loss of within-group paternity have frequently been recorded in mammalian carnivores, for example, dwarf mongooses Helogale parvula (Keane et al. 1996) , kit foxes Vulpes macrotis (Ralls et al. 2001) , and lions Panthera leo (Spong et al. 2002) , but also rodents (Wolff and Sherman 2007) , fish Stiver et al. 2005) , and birds (Dunn et al. 1995 ; but see Magrath and Whittingham 1997) , and may contribute to lower withingroup relatedness for males.
At high density, parentage analysis indicated 1) a polygynandrous system of mating, with both males and females producing cubs with individuals from the same or a different social group, leading to 2) multiple-paternity litters in some instances. No evidence of multiple-paternity litters was found in the low-density period, and extrapair litters comprised a significantly smaller percentage of the total number of litters (up to 38% of 16 litters vs. up to 77% of 13 litters at high density: Table 3 ). Although the number of monogamous social groups was significantly lower in the high-density period, there were no differences in the proportion of monogynous groups (Table 3) .
As has been demonstrated in birds (Westneat and Stewart 2003) , between-population variance of extrapair paternity levels in carnivores can be considerable (Table 4) . A key factor affecting levels of multiple paternity and extrapair paternity is a wider female dispersion at lower population densities (Emlen and Oring 1977) . In solitary carnivores, levels of multiple paternity are density dependent (e.g., Say et al. 1999: Table 4) ; this study also indicates that rates of extrapair paternity decline with a decrease in density in the facultatively social red fox. Wider female dispersion appears to be a key factor in solitary and primitively social species, although comparative evidence in mammals shows that the level of extragroup paternity is related to the number of females in a breeding group (Isvaran and Clutton-Brock 2007) . Moreover, in mammals and, partially, birds with nonbreeding alloparents, direct fitness variability is greater among females (Hauber and Lacey 2005) .
The presence of patterns of mating by subordinate individuals, as well as routes to the attainment of dominant status, were clearly related to population density for male foxes. At high density, a large number of philopatric subordinate males were present in the population, although none managed to become the dominant animal in their natal group. Conversely, in the low-density period, a greater proportion (20%) of philopatric males attained dominant status. This difference was most likely attributable to the different patterns of annual retention of dominance: 58% in the low-density period versus 91% (Baker et al. 2000) in the high-density period.
In contrast, the frequency of reproduction by subordinate females was not significantly different at high density (56% of breeding opportunities) than at low (75%) density (Table  3) , and there was low reproductive skew as measured by Genetic data for the high-density period were available only for the 1992-1993 cohorts so all figures refer to these specific years . Please see text for statistical comparisions.
• Fox behavior in relation to density 391 reproductive suppression in both periods. The degree of reproductive suppression of subordinates varies significantly across social carnivores (Table 4) and is the product of evolutionary conflicts between dominant and subordinate animals and between males and females, as well as local resource constraints (Russell 2004) . Although energetic costs may determine reproductive suppression in social species (Creel and Creel 1991) , reproductive skew can be caused by mechanisms other than reproductive suppression (Cant 1998) . Thus, where females gain significantly greater fitness by controlling subordinate reproduction, for example, meerkats, reproductive suppression may dominate (Clutton-Brock et al. 2006) . However, where species show no reproductive suppression, reproductive skew may still occur via brood augmentation (Cant 1998 ), but, as yet, an examination of this has not occurred and alternate forms of reproductive skew and consequences for sex-specific strength of sexual selection represent an important aspect for future study (Hauber and Lacey 2005) .
Implications for the evolution of carnivore sociality
Ecological and demographic factors are often diverse and complex (Slobodchikoff 1988) , so it has been argued that a simple unified framework to explain sociality from an ecological perspective cannot easily be attained (Silk 2007) . Given that individual fitness is fundamental, dispersal and mating system are key variables interacting to alter individual life histories. These, in turn, act on social groups via their formation, group size evolution (Higashi and Yamamura 1993) , cooperative breeding (Kokko et al. 2001) , and reproductive skew (Vehrencamp 1983; Reeve et al. 1998 ). Changes in any ecological parameter, such as resources or population density, may alter some aspect of individual fitness and hence alter a range of different parameters. Bellemain et al. (2006); 3, Carpenter et al. (2005) ; 4, Craighead et al. (1995); 5, Creel and Sands (2003); 6, East et al. (2003); 7, Engh et al. (2002); 8, Dugdale et al. (2007); 9, Gilbert et al. (1991); 10, Girman et al. (1997) ; 10, Gottelli et al. (2007); 11, Griffin et al. (2003); 12, Hedmark et al. (2007); 13, Holland and Gleeson (2005) ; 14, Keane et al. (1994) ; 15, Keane et al. (1996) ; 16, Kitchen et al. (2005) ; 17, Murphy (1998); 18, Nielsen and Nielsen (2007); 19, Onorato et al. (2004); 20, Randall et al. (2007); 21, Roemer et al. (2001); 22, Say et al. (1999) ; 23, Say et al. (2002) ; 24, Schenk and Kovacs (1995); 25, Verwey et al. (2004); 26, Wagner et al. (2007); 27, Yamaguchi et al. (2004) ; 28, this study.
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In this study, we observed significant changes in group social structure caused by density rather than by changes in resource availability. If per-fox resource availability had been limiting at high density because of increased competition for food, we would expect body condition to improve at low density. However, neither body mass ) nor kidney fat reserves differed at high or low density indicating no differences in body condition (Soulsbury C, Baker P, and Harris S, unpublished data) , thereby suggesting that resources were not contributing to this pattern.
Group structure, mating system, and patterns of dominance attainment changed but not within-group relatedness and dispersal. Group structure and mating system at high density mirrored patterns observed in obligate social species (Table 4) . This suggests that the most basic carnivore social group is a polygynous system of one male and multiple related females. As most solitary female carnivores are either philopatric or disperse short distances (e.g., Ratnayeke et al. 2002; Støen et al. 2005; Janečka et al. 2006) , the suggested mechanism for the formation of basic social groups is the advantage of female group living over solitary living. Clusters of females would promote monopolization by males and the development of a polygynous rather than a polygynandrous or promiscuous system (Table 4 ). The acquisition of male helpers, as is found in most obligate social species, appears to require or cause a change in the mating system from polygyny to polygynandry. This may be due to increased density and the decreased ability of males to monopolize reproduction. As suggested by , the evolution of reproductive suppression mechanisms may have occurred later in the evolution of sociality, and the role of ecological conditions that alter density and reinforce the benefits of group living, such as through cooperative hunting, are probably evolutionary downstream of this change.
Thus, carnivore group living appears to require a 2-stage process in the switch from solitary to group living. The first is the formation of spatially stable and defendable groups of females; the second is the change from a polygynous to a polygynandrous mating system, which causes increased, but significantly skewed, access to reproduction for subordinates. As we have shown in foxes, the latter of these 2 mechanisms was caused by increased density, when red fox social structure switched from a basic pattern to one more akin to obligate social species. However, the factors that may reinforce these patterns and make this process an evolutionary stable one are an important topic for future study.
